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ABSTRACT 

This  study  describes  a  new  fat-based  vehicle  (liposphere)  that  has  been  developed  as  a  carrier 
for  vaccines.  Manufacture  of  lipospberes  is  accomplished  by  gently  meltiiig  neutral  fat  in  the 
presence  of  phospholipid  and  antigen,  and  then  dispersing  the  melted  mixture  in  an  aqueous 
suspension  by  vigorous  shaking.  Upon  cooling  of  this  mixture  a  phospholipid-stabili/ed  solid 
hydrophobic  fat  core  containing  antigen  forms  spontaneously.  A  typical  composition  of  the 
lipid  phase  of  the  lipospheres  consists  of  a  neutral  fat,  such  as  tristearin  or  ethylstearate,  and 
a  phospholipid  such  as  lecithin.  A  recombinant  malaria  antigen,  R32NS1 ,  containing  epitopes 
derived  from  the  circumsporozoite  protein  of  Plasmodium  falciparum,  was  incorporated  in 
lipospheres  together  with  lipid  A  as  an  adjuvant.  After  intramuscular  injection  of  the 
formulation  in  rabbits,  high  levels  of  specific  IgG  antibodies  to  the  antigen  w  ere  still  present  1 2 
weeV'.s  after  primary  immunization.  Several  chemical  and  physical  parameters  that  might  be 
expected  to  influence  the  liposphere  vaccine  formulation  were  investigated.  The  particle  size 
distribution  of  lipospheres  depended  on  the  fat  to  phospholipid  (F/PE)  molar  ratio,  and  the 
immune  response  to  iipospbere-encapsulated  R32NS1  was  al.su  dependent  on  the  F/PE  ratio. 
For  F/PE  ratios  of  0.75  most  of  the  lipospheres  had  an  average  diameter  of  less  than  10  pm. 
while  at  F/PE  ratios  of  3=  2,5  approximately  80%  of  the  particles  had  an  average  size  of  73  pm. 
Among  the  ratios  tested,  a  maximal  level  of  lg(i  antibody  production  was  obtained  at  a  F/PE 
ratio  of  0.75,  while  at  larger  ratios  decreased  antibody  production  was  ob.served.  The  effects 
of  antigen  do.se  and  phospholipid  compo.sition  were  also  examined. 


INTRODUCTION 

AnvANC  l  .s  IN  iHb:  I’KODi’crioN  of  synihctic  peptide  and  reeontbinant  protein  aniieens  hu'.  led  to  a  plentiful 
supply  of  candidate  antigens  for  human  vaccines.  Although  these  antigens  are  usualh  considered  sale, 
they  often  have  less  immunogenicity  than  the  original  cell  or  organism  from  which  they  were  derived  and  may 
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require  ihe  use  ol'aii  adjuvunl  to  pro\  itie  an  elTeelive  vaccine  At  tlie  I'lescnl  time,  itic  onlv  aJiuvaniN  that  arc 
approved  ionise  in  luinians  bv  the  I’.S  l  ooil  and  Drut:  .Ailministration  are  ■adsorbent"  .ul|u\anl^  consiciiiiL' 
ol  aluminum  compounds  (oltcn  relcrred  to  as  alimu.'  '  Aluminum  ha-.ed  ad|U\aiUs  arc  iioi  imilormK 
elTective  and.  altiiouph  thev  Ikivc  a  reputation  lor  saletv  .  ^terllc  abscesses  anil  pcrsisicni  nodule  .  have  been 
reported  alter  their  use.  particularh  in  the  event  ol  inailverient  subcutaneous  adminisir.uion 

Incomplete  I  reund's  adjuvant  ( ll•.•\),  a  v\ater-in-oil  tw  o)  emulsion  rormulaicd  w  ith  liehl  mmcral  oil  and  .1 
hetero”eneous  stabilizer  eontaininp  an  ester  ol  mannitol  and  oleic  acid  ( Arlacel  A),  has  been  pioposcd  as  an 
oil-based  adjuvant  tor  human  use  anil  has  been  administered  to  more  than  '(I.DIKI  imlividuals  m  ihe  t  niied 
Slates  as  an  adjuvant  lor  intluen/a.  polio,  and  other  viral  vaccines  '  Altlioueh  II  A  appears  to  be  sale  m 
populations  ol  humans  that  have  been  available  lor  lone  term  studv  the  mineral  oil  ol  II  A  is  nonbuideerad 
able  and  the  adjuv  ant  can  cause  nodules  or  sterile  abscesses  in  some  subjects  "  Arlacel  A  can  be  labile  m  (he 
presence  ol  certain  antigens,  resultinu  in  release  ol  Tree  laitv  acids  and  promotion  ol  leacioeemeitv  '  I  he 
discovery  that  Arlacel  A  causes  tumors  in  mate  .Swiss  mice’"  "  has  highlighted  .1  (loleniial  tor  carcinogenic  iiv 
of  Arlacel  A  even  though  an  increased  incidence  of  tumors  has  not  been  obseived  in  humans  who  have 
received  IF.A.^  A  variety  of  safety  issues  has  caused  considerable  reduction  m  the  use  of  ll'.\  in  human 
vaccines. ■* 

Although  liposomes  and  other  oil-in-vvuler  to  w  i  adjuvant  formulations  have  been  reported  to  h.ive  onlv 
■'limited  adjuvant  activity"  when  compared  to  vv  o  preparations,'  ■  a  succe'slul  human  trial  of  alum-adsorbcil 
liposomes  containing  monophosphory I  lipid  .A  recently  demonstrated  that  a  lornuilalion  consisiine  ol  a 
combination  of  O'w  and  adsorbent  adjuv  ants  can  have  ci'iisiderable  safely  and  cflicaev  and  may  be  iisetul  in 
the  developmcnl  of  a  potential  vaccine  against  the  human  malaria  parasite  ( /'/(i.oiuv/iimi  /oh  i/)(i/  iiii/i  '  ’ 

Liposphercs  represent  a  new  tv(v  of  lipid-based  o  vv  encapsulation  technologv  that  mav  have  potential 
usefulness  in  the  formulation  of  human  tinJ  veterinary  vaccines  l.iposphercs  consist  ot  water-dispcisible 
microparticles  composed  of  a  solid  hydrophobic  tat  core  stabilized  bv  one  or  more  lavers  of  phos|iholipids 
embedded  n  the  particle  surface.  The  objective  of  the  present  work  was  to  determine  the  effects  o|  ditleicni 
fats  and  phi  spholipids  on  the  physical  characteristics  of  potential  liposphere  fori mil.it ions,  and  to  ev  ahiate  the 
innuence  ot  a  variety  ol  different  liposphere  compositions  on  the  immunogenicitv  of  a  recombin.ini  pioiein 
antigen  containing  epitopes  from  the  circumsporozoite  protein  ol  P.  l<ilt  iiHiniiii. 


MATKRIALS  AND  MKl  HODS 

Clu'inicals 

Tristearin  ( Dynasan  I IX  microcrvsiallinc  irigiyceride)  was  obtained  from  Miils  rroisdorf  .ACi  ((ierm.iny ) 
Ethyl  stearate  was  purchased  from  Sigma  Chemical  Co.  tSt.  Louis.  MOi  llgg  phosph.uiily Icholine 
(Coatsomc  NC-IOS)  was  obtained  from  .Nippon  Oil  Eats  Co.  Ltd.  (.lap.ini.  and  dinivrisiov  I  phosph.itulv  I 
glycerol  from  Avanli  Polar  l.ipids,  Inc  (Alabaster.  .ALl.  l.ipid  ,A  (isol.iied  from  Sdlnu’iu'lla  iniiiin  soia  R.s'ts) 
was  from  List  Biological  l.aboralorics  (C'ampbelL  CA),  Alum  (.Aluminum  hvdrovide.  Rehsoipiar  Adsorptive 
(iel)  was  obtained  from  Armour  Pharmaceutical  Co.  (Kankakee,  ll.t. 


Antiyens 

The  two  mtilaria  antigens  used  in  this  study.  R,^2N.SI  anil  R^2LR.  were  supplied  under  a  Cooperative 
Resetirch  and  Development  Agreement  by  SmithKIine  Beecham  Pharmaceuticals  (King  of  Prussia.  P.A) 
R.^2.SN1  is  a  fusion  protein  with  the  following  amino  acid  sequence:  |MDP(N.ANP)|.N\  DP 
(NANP)|sNVDP|N.SIx|.  Ihe  R.12  refers  to  the  .^2  repeats  of  the  tetrapeptule  NANP  interspersed  with  two 
(elrapeplide  N  VDP  repeals  from  the  immunodominant  rc)x.'at  region  of  the  circumsporozoite  (CS 1  protein  of 
/'.  talciiuiruni.  and  NS l^,  refers  to  S I  atnino  acids  trom  Ihe  nonsiruciural  protein  of  inihienza  virus,  NSC,  is 
added  because  it  is  thought  to  include  human  T-helpercell  epitopes  anil  to  function  as  a  carrier  protein. '  ‘  In  the 
case  of  R.^2LR.  R-^2  is  linked  to  the  first  two  amino  acids,  leucine  and  arginine  (LRl.  from  ,1  nonsense  reading 
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ol  the  tetracycline  gene  ol  the  vector. "  The  R.^ZLR  u^ell  as  capiurc  antigen  tri  the  liUSA  ass.iv  since  ii 
contains  the  same  repeating  units  as  the  R.^2NS1  antigen  used  tor  iinmuni/ation 


Prepuration  of  Upospheres 

The  lipid  coniponents  (neutral  I'al,  phospholipid,  and  lipid  .Xt  at  the  indicated  molar  ratios  were  dissoKed 
in  chlorolorm  in  a  round-hottomed  flask,  l.ipid  A  was  included  in  the  liposiiheres  hecaiise  it  has  been  used 
effectively  by  many  laboratories  to  enhance  humoral  immunity  to  a  w  ide  range  of  antigens  due  to  us  adjin  ant 
properties.  It  was  added  to  the  lipid  mixture  at  a  weight  ratio  of  1  mgof  lipid  A  per  .>1)0  mg  ot  neatral  I  at  I  he 
organic  solvent  was  evaporated  using  a  rotary  evaporator  and  the  flask  was  placed  in  a  desiccator  under 
reduced  pressure  for  1  h  to  remove  traces  of  residual  solvent.  The  dry  lipid  mixture  was  then  heated  to  4il  C 
to  melt  the  ethyl  stearate  tm.p..  .2.S°C).  Warm  phosphate -buffered  saline  tDulbecco's  PBS.  (ilBC  ().  N'l'i 
containing  the  R.12NS  I  malaria  antigen  (.T.l  mg  rnll  was  added  to  gi\e  fat  and  phospholipid  concentration'  o! 
50  and  15  mg/ml,  respectively,  and  the  formulation  was  vigorously  mixed  for  I  min  using  a  imiltiw  nsi  shaker 
(Lab-Line  In.strunients  Inc..  Melrose  Park.  IL)  until  a  homogeneous  dispersion  was  obtained.  1  he  uniform 
milky-appearing  suspension  was  immediately  cooled  below  20  "C'  by  immersing  the  flask  in  a  dry  ice  acetone 

bath  for  several  seconds  with  continued  shaking.  I  inencapsiilaied  antigen  was  rani . .  eentriti'g  ‘linn  u 

12.(X)0  X  i>  for  .10  min  at  IfTC  and  washings  with  fresh  PBS  solution.  Antigen  encapsulation  was  SO'  i  as 
determined  by  a  modif  ied  Lowry  method  for  protein  determination.  The  antigen-free  tristeariii  liposphcres 
shown  in  Fig.  1  were  prepared  in  the  same  way  except  for  the  melting  step,  which  was  performed  at  65  (' 
(tristeariii  m.p.  is  approximately  60°C).  and  hot  buffer  solution  (60-7(f’C).  which  was  used  in  this  case  to 
disperse  the  melted  fa(  vehicle  and  lipid  mixture. 


Particle  size  determination 

Analysisofparticlesi/.edistributionof  liposphcres  was  performed  using  an  LS  1 00  Coulter  Counter  Particle 
Si/e  Analyzer  (Coulter  Corp..  Hialeah.  FL).  This  instrument,  which  can  measure  particles  Irom  0.4  to  .SOO 
jxin  by  particle  size-dependent  light  diffraction  patterns,  is  equipped  with  lour  main  units;  optical  ni(>dulc. 
Iluid  module,  computer,  and  printer.  The  optical  module  contains  the  laser  light  source,  spatial  filler  and 
projection  lens,  diffraction  .sample  cell,  photodiode  detectors,  and  Fourier  lenses.  The  laser's  radiation  (750 
nm  wavelength.  4  mW'  operating  power)  passes  through  the  spatial  filter  and  pnijection  lens  to  form  a  beam  of 
collimated  light.  The  diffraction  sample  cell  shapes  the  suspen*  on  fluid  and  sample  into  a  thin  i.Ommi  sheet 
which  flows  at  right  angles  to  the  laser  beam  that  passes  through  it.  Fhe  Fourier  lenses  collect  (he  diffracted 
light  and  foeuse  it  onto  three  sets  of  detectors  for  low-,  mid-,  and  high-angle  scattering,  forming  an  image  of 
the  entire  diffraction  pattern  for  each  particle.  The  individual  diffraction  patterns  from  the  many  moving 
particles  in  the  sample  cell  are  then  superimposed,  creating  a  single  integrated  composite  diffraction  pattern 
that  reflects  the  cxintribution  from  each  particle  and  allows  the  determination  of  particle  size  distribution. 

The  computer  (IBM  compatible)  uses  an  l„S  1.10  software  program  fan  integrated  set  of  Microsoft 
window-based  application  programs)  which  controls  the  L.S  series  instruments,  processes  the  data,  anaiv/es 
test  results,  and  prints  test  reports.  In  the  analysis  mode,  the  particle  size  distribution  plots  can  be  computed 
as  either  number-,  surface-,  or  volume-weighted  distributions  of  particle  diameter. 


fmmiinization  procedures 

Rabbits  (4  animals  per  group)  were  immunized  intramuscularly  at  0  and  4  weeks  w  ith  0.5  I  O  ml  ol 
liposphere  formulations.  The  lipid  A  dose  in  all  cases  was  50  p,g/rabbit.  Fach  formulation  was  adsorbed  on 
alum  (0.8  mg/ml  final  concentration)  prior  to  injection.  The  animals  were  bled  belore  the  primary 
immunization  and  every  two  weeks  thereafter.  The  sera  were  collected  and  stored  at  -  2(V  C  until  tested  for 
antibody  production. 
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ik;.  1.  I  -iiihl  iiiii.n's».n|i\  nl  li|H)s|ilu'ivs  compo-cil  ul  4' r  li  iNlt'.inii  (wl  \"h  .iikI  2'  i  phi"-ph  iiul\  klinliiK- 
i\\l  Mill  111  phitsptintc  hill I'civil  ^lllIlK■. 


All  111' ihc  liiiusplK’iv  runnuhilidns  iitjLVicil  couhiiiiiiiL’  lipii)  A  (50  pi:  niht'il )  notipMopctiii.-  aiul 
iiiinloxic'.  ami  (/ic\  lu’iv  I’cnc'/a)))  iid)  lolcnilcil.  No  Iota)  iiiJlaiDDi.itioi)  01  oihcr  '-uk'  i-rKcls  wciv  oh^ci\cil 
at  the  site  oT  a(.illll^i^t^lllo^l  diiriils;  iIil'  A-iminlli  pciiuil  ol  the  c\pei iniciil . 

/:ii:yiiu'-link(’il  ij)iiiiiiii<is(irlH'iif  <is.sii\  Oil. ISA  I 

Solid  phase  Id  IS  As  were  earried  oul  to  evaluate  the  lev  els  ol  lu(  i  aiilihodv  aetiv  itv  aeaiiist  a  eaptiire  aiitieeii 
(K52hR)  eonliiiuing  the  same  lepeatiiija  units  as  the  aniipen  that  was  used  lor  iminuni/.iliou  \ssavs  weie 
peiiormed  ;il  room  tempcralure  in  OO-well  '  I '  "hoitoined  Intmulon  2  polvsiviene  mieiopiates  iDvnateeh 
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Lahoralurics,  Alexandria.  V.\)  The  wells  were  coaled  with  0  1  jia  ol  R.sdI.R  aiiiieeii  dissolsed  iii  I’RS 
Approximaieh  IK  h  later,  die  eontents  ol  die  wells  were  asjnraletl.  Idleil  w  nli  block  me  butler  tu  S' ,  casein. 
O.Ol'i  diinierosal.  O.OO.S'i  phenol  red,  and  I'd  Iween  20  in  I’BS).  ami  lielil  loi  !  h  at  room  lenipei.iiuie 
Rabbit  sera  to  be  tested  were  diluted  in  O  .S'i  bloekine  bulter  containine  0.02-S'r  I  ween  20.  and  .dK|uois  ol 
each  dilution  were  added  to  triplicate  wells.  Alter  a  2  h  iiicuhalion  al  room  lentperaluiv.  die  contents  ol  ihc 
wells  were  aspirated,  washed  three  times  with  RHS-'Ivseen  20  lO.O.S',  i.  and  .So  pe  ol  hoiseraihsh 
peroxidase-eonjuiiatcd  coat  anti-rabbit  luCi  (Hit)  Rail.  Richmond.  (  .\.  diluted  1  ;  1.000  in  0  S'^  blocking 
bulter  eontainins:  0.()2.S'<  Tween  20)  v\as  added  to  each  well.  .Alter  1  it  the  coiUcnis  ol  the  wells  were 
aspirated,  the  wells  weie  wtished  three  times  vsith  PHS-Tween  2o  w.ishine  solution,  and  (oo  p!  oi 
ABTS-peroxidase  substrate  (Kirkeaard  and  Perry  l.abor.itories.  inc..  Ciaithersburi;.  Ml))  w.is  then  .idiled  to 
each  w  ell.  .Absorbance  w  as  read  at  405  nni  I  h  alter  add itioti  ol  peroxidase  substrate  usntjj  an  aulomatic  i  1  .IS  A 
plate  reader  I.Skatron.  Norway). 


RESi!i;r,s 

Physical  charocrcrisiics  of  lijwsphcrcs 

A  typical  preparation  ol  lipospheres  composed  ol  tristearin  and  lecithin  contains  particles  that  have  a 
uniform  spherical  shape  (F  in.  1 ).  i  he  particle  si/e  distribution  ol  lipospheres  depends  on  ihc  neutral  hit  to 
phospholipid  molar  ratio  (Table  1  and  l-'in.  2).  Two  populations  of  lipospherc  particles  i\  pii..iiU  coexist,  one 
in  the  si/e  ranee  of  l-IO-pm  diameter  (populativin  ,A).  and  a  second  population  w  iih  a  diiimeier  betwv,en  b ' 
and  KO  pm  (popuhition  B).  Under  conditions  where  the  fat  PI.  nilio  is  hinh  (  2. 5).  the  larpc  particle 

population  is  predominant,  wheretis  for  fal'PL  ratios  of  o.  0.7.5  most  of  the  lipospheres  ha\e  a  diameter  ol  less 
than  10  pm. 

In  the  analysis  display  mode  of  the  particle  si/e  analyzer  used  in  this  studs  (see  .Materials  and  .Mel hods),  the 
particle  size  distribution  plots  can  be  computed  as  either  a  number-,  surface-,  or  volume-sseiehied  distribution 
ot' particle  diameter.  The  data  show  n  in  Fii:.  2  represent  soltittie-ueighled  disirihulioits  ploiial  io  a  hinciion 
of  partiele  diameter.  The  ordinate  represents  the  number  of  ptirtieies  multiplied  b\  their  soliime  eisen  in 
arbitrary  units  and  normali/ed  to  100.  The  abscissa  represents  particle  diameter  tiinl  is  disided  into  a  lixed 
number  of  discrete  bins,  or  slices,  in  a  distribution  pattern.  The  initial  measurements  that  emerge  from  the 
instrument  represent  a  light-scattering  intensity-weighted  diameter  distribution.  The  number-  and  \olume- 
weighted  distributions  are  then  obtained  mathematically  from  the  intensity -weighted  results  by  tipplying  the 
rules  of  light  scattering.  The  autocorrelation  Ittnclion  ol  scattered  light  intensity  is  proportional  to  the  number 
of  particles  A,  having  a  diameter  </,.  multiplied  by  the  individual  square  \  olume  ot  the  particle  ( T,)  .  which  is 
proportional  to  Uf)\  That  is.  volume-weighted  particle  si/e  distribution  is  obtained  from  the  intensity - 
weighted  distribution  by  dividing  by  V',.  To  obtain  the  number-weighted  distribution,  one  additional  di\  ision 
of  the  intensity-weighted  distribution  is  performed  to  give  just  .A',,  riius.  the  volume-weighted  distribution 
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2.5 
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77 
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The  data  represent  the  mean  values  of  at  least  three  batches  of  lipospheres  as  delennined  by  the  l.S  I IX)  Con  Iter  Particle 
.Size  Analyzer  (sec  Materials  and  Methods  tbi  more  details). 
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PARTICLE  DIAMETER  (pm) 

FK;.  2.  Particle  si/c  distribution  ol  liposphcros  as  lunctionoriheir  lal  phospholipid  molar  ratio,  l.iposphcres  coniainiiii; 
the  R-I2N.S  I  malaria  antigen  were  made  (romelhylslearaleaiulegg  lecithin  at  ilil  lerent  molar  ratios  (  .\  2,.‘ill;  H  1,2.''; 
C  -  i),75)  and  suspended  in  PBS.  They  were  analyzed  lor  particle  size  distribiition  using  an  1,S  10(1  C'nuUer  Particle  Size 
Analyzer. 

(weighted  by  diameter  cubed),  which  Ittkcs  into  consideration  the  actual  mass  of  the  particles,  is  a  more 
accurate  approach  to  determine  the  total  particle  size  distribution  of  a  givc-n  sample. 

For  liposphcres,  the  average  size  of  the  particles  increases  with  increasing  fat/PL  ratio  (  Fable  I ).  For 
example,  at  a  fat/PL  ratio  of  2.5.  only  ly/r  of  the  particles  had  an  average  size  of  X.,s  pm  and  the  remaimng 
77'7f  showed  an  average  diameter  of  75  pm  (Fig,  2A).  At  lower  fat'PL  ratios,  the  voltime  percentage  of  large 
particles  (population  B,  Table  1 ;  Figs.  2B,('')  decreases  gnidually.  while  the  volume  percentage  of  the  smaller 
lipospheres  (population  A.  Table  1)  increases. 

When  an  alternative  adjuvant,  alum  (aluminum  hydroxide),  was  examined  by  itself  lor  comparadve 
purposes  under  the  same  conditions,  an  average  particle  size  t'f  14.4  i  7.9  pm  w;is  I'oiiikI,  w  ith  only  2'  /  o( 
(he  alum  particles  being  larger  than  .LT.'S  pm  in  diameter  (dat;i  not  shown). 
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Ejfcii  of  (imi^cn  dose  on  iniininie  response  n>  em  apsidoled  nnli^en 

The  role  ol  antigen  dose  in  the  immune  response  to  liposphere-eneapsiilated  malaria  antigen.  l.St  R32NS 1 1. 
is  shou  n  in  Figs,  and  4,  IgG  anlibt)dies  against  R32NS1  were  observed  to  oeetir  in  rabbits  2  weet  s  alter  the 
primary  immuni/ation.  and  titers  were  enhanced  by  a  boosting  injection  ol  encapsulated  antigen  given  at  4 
weeks  alter  the  primary  injection.  A  i'ive-told  increase  in  the  antibody  tiler  was  obtained  in  rabbits  recen  ing 
two  lO-fxg  doses  of  LS(R32N.SI )  compared  to  those  injeeted  with  lwc>  l-jjrg  doses  (Fig.  .3).  Two  doses  ol 
KX)  |xg  of  antigen  did  not  result  in  further  increase  in  the  IgCi  antibody  level  above  that  obtained  w  iih  *  two 
lO-pg  doses,  and  these  two  doses  were  not  significantly  dilferent  in  their  antibody  activity  ip  -  0,2iS4( 
Antibody  titers  in  rabbits  receiving  the  two  lO-jag  and  two  HXI-jag  doses  were  detected  even  a!  1  1 .600  serum 
dilution  (Fig.  4), 

It  is  worth  noting  that  the  IgG  antibody  ELI.SA  tilers  obtained  on  immuni/irig  rabbits  w  ith  L.S(R.t2N.SI  t 
were  superior  to  those  obtained  following  similar  immuni/ations  with  the  free  antigen  absorbed  to  alum, 
which  showed  no  antibody  activity  at  the  same  antigen  concentrations  (Richards  and  .Xhing.  unpublished 
results). 


liffeet  of  phospholipid  eoinposiiion  on  iinniiin,>f;enieity 

The  time  course  of  IgG  antibody  iietivity  as  a  function  of  liposphere  phospholipid  composition  is  show  n  in 
Fig.  5.  Incorporation  of  a  negatively  charged  phospholipid,  dimyristoy  I  phosphalidylglveerol  ( DMF’Ci).  in  the 


WEEKS  AFTER  PRIMARY  IMMUNIZATION 

Flc.  3.  Idlect  of  antigen  dose  on  IgG  antibody  activity  in  rabbits  iniiiiiini/ed  with  K  t2NSl  mal.ina  aiitieen 
encapsulated  in  liposphcrcs.  frach  point  represents  the  mean  FI.I.SA  absorbance  value  i-I  rabbits  ps,  group)  alter 
subtraction  of  the  preimmune  value  at  a  serum  dilution  of  I  ;  200.  Fiaeh  rabbit  was  imnumi/ed  at  0  ami  4  weeks  w  ith  the 
indicated  doses  of  antigen.  l  aPphospholipid  molar  ratio  -  2.50.  The  values  in  the  curves  tor  It)  pg  ami  tOO  pg  were  not 
significantly  different  (p  -  0  2S:  two-tailed  Student  s  f  test). 
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SERUM  DILUTION 


FIG.  4.  ELISA  IgG  antibody  activity  at  6  weeks  in  rabbits  ininiuiii/ed  lv\  lee  (;it  0  and  4  sleeks)  w  iilt  I  -  .  ID  .  ami  IDil  |jie 
doses  of  Rif2NSl  malaria  antigen  encapsulated  in  lipospheres  Each  point  represents  the  mean  Id.lSA  antibodv  rcsCHinsc 
(4  rabbits  per  group)  at  the  indicated  serum  dilution  after  subtraction  of  the  prcimmune  saluc.  l  al  phospholipid  molar 
ratio  =  2.50.  The  values  in  the  curves  lor  10  p.g  and  KHt  (cg  were  not  significant!;,  different  i/i  ti  2.‘<.  two-iailed 
Student's  /-test). 


lipospherc  lipid  phase  caused  a  significant  increase  in  the  antibody  response  to  the  encapsulated  R.12NSI 
antigen  (Figs.  3  and  6).  This  effect  of  DMPG  was  especially  pronounced  at  6  weeks.  2  weeks  after  the 
boosting  injection. 

Effect  of  fat/ phospholipid  molar  ratio  on  imnuiiioi’cnieity 

The  inlluence  of  fat/PL  molar  ratio  on  the  immune  response  to  liposphcre-encapsulated  R.'2NS  1  is  shown 
in  Figs.  7  and  8.  Among  the  fut/PL  molar  ratios  tested  (0.73,  1.23.  and  2  30).  the  maximal  level  of  IgC- 
antibody  activity  was  obtained  at  a  ratio  of  0.75  (Fig.  7).  At  larger  values  ol  tat/ PL  a  decrease  in  antibody  level 
v’/'s  ''t"  wrved.  Except  f'>r  'inc  value  at  week  8.  no  significant  differences  in  IgCi  antibodies  were  observed  at 
fat/PL  ratios  of  1 .23  and  2.30. 


DISCUvSSION 

The  resttlts  presented  in  this  study  demonstrate  that  excellent  itnmunogenic  entcttcy  can  be  achieved  by 
using  liposphere-based  formulations  and  that  lipospheres  represent  a  n;>vi'!  '  ucin  '  carrier.  I.iposphcres  can 
be  viewed  as  an  o/w  system  that  has  intermediate  characteristics  between  liposomes  and  oil  ettuilsions. 
Lipospheres  differ  from  liposomes  in  that  their  internal  phase  is  a  hydrophobic  f:tt  core,  cotnptired  to  ;m 
internal  aqueous  phase  in  liposomes.  The  fat  that  is  present  in  lipospheres  differs  from  the  oil  w  idely  etiiployed 
in  emulsions,  such  as  IFA  or  intravenous  fat  emulsion,  in  that  the  fat  of  lipospheres  is  solid  at  the  time  of 
manufacture  at  room  temperature  and  may  even  be  solid  at  .57°C.  In  contrast  to  certain  oil  emulsions  (Including 
IFA).  the  lipospherc  approach  utilizes  only  naturally  (Kcurring  biodegradable  lipid  constituents  (<  .g.. 
triglycerides  and  lecithin).  The  surface  activity  of  lipospheres  is  provided  by  the  phospholipid  component 
embedded  in  the  particle  surface. 


.31)0 
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WEEKS  AFTER  PRIMARY  IMMUNIZATION 

FI(».  5,  pnVrt  ol  phospholipid  c<>mposi!ion  on  iiiiinunogciiiLilv  ol  liposphcrcs  LonuininL'  ciK.ipsiil.ik-i)  K.'^NSI  I  wo 
lormululions  made  of  cthylslcuraic  and  ditlcriim  in  (heir  phospholipid  coiiiposiiion  (PC  compared  to  I’C  I)MP(j.  7  ' 

molar  ratio)  were  inieeied  in  rabbits  (4  per  srroup)  al  0  and  4  weelss.  and  the  lj;(i  antibody  responses  in  their  sera  ssere 
measured  w  ith  time.  Paeh  potni  represents  the  ttiean  Ll.IS.-X  ab-  orbance  salue  alter  subtract lop  ol  the  pre immune  s.ikie  .it 
a  scrum  dilution  ol  1  ;  200.  Aniigen  dose  =  100  pe  rabbit.  Fat  phospholipid  molar  ratio  2  .*’0  .Ml  the  values  in  both 
curves  were  signitieantly  dilTerenl  (/i  «.  0.05,  two-tailed  Student's  r  test). 


SERUM  DILUTION 

FK;.  6.  IgCi  antibody  activity  at  0  weeks  in  rabbits  iinmuni/ed  tv  iee  (at  0  and  4  weeks)  w  ith  100  pe  doses  ol  K  ''2NS I 
malaria  antigen  encapsulated  in  lipospheres  composed  of  cthy  Istearate  and  PC  or  PC  D.MPCi  (7  :  .t)  at  a  tat  phospholipul 
molar  ration!  2.50,  Kach  point  represents  the  mean  antibody  response  (4  rabbits  per  group)  at  the  indic.ited  serum  dilution 
alter  subtraction  of  the  preimniune  value.  All  the  values  in  both  curves  were  >ignilic.intly  different  (/>  005;  two  l.iiled 

Student's  I  test). 
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WEEKS  AFTER  IMMUNIZATION 

Fl(j.  7.  EtTect  of  fat/phospholipid  molar  ratio  on  the  imnionoitcnieilv  of  hpo'phcrc'  coitlauiini;  ooi  .ip^iilalixl  K  1 
in  rabbits  injected  with  two  KKI-pg  antitten  doses  at  0  and  4  weeks.  Each  isoint  represents  the  mean  absorlxmee  value  iliei 
subiraction  of  the  preimmunc  value  at  a  serum  dilution  of  1  :  2t)0.  l-.xcept  for  one  point  at  week  S,  the  \  allies  in  the  v  iirves 
for  F/PL  =  1 .25  and  2  50  were  not  siitnificantly  different  1/1  ■  O.SO.fi 


It  wa.s  previou.sly  shown  that  a  recombinant  antigen  (R.52NSn  containing  tcirapeplide  epitopes  derived 
from  the  circumsporo/oite  protein  of  P.  falt  ipanim  was  poorly  immunogenic  in  humans  w  hen  inieetcvl  alone 
as  an  aqueous  solution,  or  when  adsorbed  on  alum.''*  The  imiminogemetty  of  R.^2NSI  was  markedlv 
increased  in  humans  when  the  antigen  was  encapsulated  in  alum-adsorbed  )i|sosomes  containing  monophos- 
phoryl  lipid  A.”  The  present  study  demonstrates  that  very  high  levels  of  Igfi  antibody  production, 
comparable  to  those  ob.scrved  with  lipo.'  nnes.  appeared  in  the  serum  of  rabbits  inimuni/ed  w  ith  lipospheres 
containing  R.42NS  I  and  lipid  A .  especially  after  the  biHisting  injection.  The  major  purpose  of  this  study  w  as 
to  characterize  the  properties  of  the  lipospheres  by  investigating  the  inlluence  of  the  physical  structure  ol 
lipospheres  on  the  immunogeniciiy  of  R32N.SI . 

An  interesting  correlation  was  observed  between  the  liposphere  f;ii.'Pl.  mohir  ratio,  particle  size,  and 
immunogeniciiy ,  Low  fat/PL  ratios  ( %().7.5|.  which  result  in  the  formation  of  lipospheres  (if  small  particle  size 
(KWe  with  an  average  size  of  '  A  |xm).  resulted  in  increased  antibody  liters  (Pig,  7).  Although  the  reason  for 
this  phenomenon  is  unknown,  a  possible  explanation  may  be  the  <K  ciirreticc  of  better  antigen  orientation  and 
epitope  exposures  in  small  lipospheres  when  compared  to  large  lipospheres  because  of  higher  surface 
curvature.  A  similar  phenomenon  has  also  been  reported  with  small  liposomes  which  generated  higher 
antibody  liters  against  encapsulated  antigen  than  hirgc  liposomes.*'' 

The  immunogeniciiy  of  liposphere-assiKiated  R.32N.S  I  was  increased  by  the  incorporation  of  a  negatively 
charged  lipid  (DMKl)  in  the  liposphere  lipid  phase,  l-ffects  of  lipid  charge  have  also  been  observed  with 
certain  antigens  in  liposomes.  Negatively  charged  liposomes  produced  a  belter  immune  response  to  diphtheria 
toxoid  than  positively  charged  liposomes.'"  However,  when  liposomes  were  prepared  with  other  atittgens. 


l.lPOSPHiiKCS  AS  VACCINi;  CAKKICK  SVSri  M 


KHi.  8.  liiCi  uiuibody  uclivily  <il  b  ucck>  in  i.ibbilN  iiminini/cil  l\^icc  (al  0  ainl  4  wi.vk'.i  \\rili  UKi  p."  Jiv,,.'  "I 
hpovphcrc-cncapMilalcd  R42NSI  havini;  lat-lo-phoNphoiipid  molar ralii's ol  ()  75,  I  25.  aiul  2  5fi  l.a'.b  poinl  rcptc'.i.'Dls 
ihc  mt'an  anlibody  r^.'^poll^c  (4  rabbits  per  srroup)  al  the  mdiealed  serum  dilution  alter  subiraetioii  o)  the  preimmiine  \  .due 
P.xeept  lor  one  point  at  sseek  H.  the  values  in  the  eurves  lor  1-  PI.  ■  1.25  and  2. 51)  were  not  sujnitisanllv  diileieiii 
(/)  =■-  D.XO.t). 


positively  charged  liposomes  worked  equally  as  well  as  those  bearing  a  negative  charge  '  Purlher  siudics 
w  ill  determine  w  hether  negative  chtirges  in  lipospheres  have  general  abilities  to  enhance  immunogenicitv  or 
whether,  as  with  lipttsomes.  charge  elTccts  are  dependent  on  individual  antigen  composition 

Binding  ol  antigen  to  a  surl'ace.  or  presentation  of  a  s|x:eial  type  ot  surlace  tor  antigen  adsorpti'vn,  tippc.ii  s 
to  be  a  property  that  is  found  with  many  agents  that  are  reported  to  have  aiijuvant  aciiv  iiics. ''  The  data 
obtained  with  the  liposphere-encapsulated  antigen  in  the  present  siudy  suggests  that  a  relationship  exisis 
between  the  physicochemical  surface  properties  of  lipospheres  and  their  ability  to  serve  as  adjuvanis  It  has 
been  proposed  by  Hunter  cr  n/.''  that  the  abilities  of  surfactants  lo  act  as  adjuvants  are  dejxeniient  on  then 
capability  of  concentrating  adjuvant  tind  immunogen  on  hydrophobic  surfaces,  where  they  .ire  more 
effectively  presented  to  cells  of  the  immune  system.  Although  this  suggests  that  surfactants  can  h;i\c  adjuv.mi 
properties,  it  is  cautioned  that  selectivity  must  be  exercised  in  devising  safe  and  efficacious  ad|u\  ani  sysicms 
because  of  the  existence  of  thousands  of  surface-active  agents.  As  pointed  out  elsewhere.  ‘T  o  iniiminologisis 
not  familiar  with  surface  science,  choosing  adjuvant-active  substances  without  guidelines  is  nearly  irnpossi 
ble."'- 

Thc  present  study  suggests  that  lipospheres  are  a  unique  formulation  that  may  have  useful  applications  as 
carriers  of  vaccines.  Among  the  advantages  of  lipospheres  are  the  following.  First,  after  fornuilation  the 
lipospheres  can  be  u.sed  in  a  "dry"  form  without  concern  about  release  of  antigen  or  adjuvant  such  .is  might 
occur  with  a  wet  vesicle  suspension  such  as  liposomes.  .Second,  there  is  m>  need  for  the  presence  ot  a  stabih/cr 
such  as  Arlacel  A  that  is  utilized  in  Freund’s  adjuvant.  Third,  the  manufacturing  techniques  for  liCHisphcres  are 
relatively  ''imple.  thereby  leading  to  the  expectation  that  scaling-up  procedures  might  be  easily  accomplishcvl 
Fourth,  the  ingredients  used  for  manufacture  of  lipospheres  are  relatively  inexpensive.  Fifth,  if  a  lipophilic 
adjuvant,  such  as  lipid  A.  should  prvtve  to  be  necessary  with  a  given  antigen,  it  can  also  be  incorporated  inti> 
the  fat  phase  of  the  lipospheres. 
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